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ABSTRACT

Theoretical and experimental studies of heat addition to external
supersonic streams are reviewed following a brief explanation of the basic
fluid mechanical model and possible applications of external burning. The
theoretical section begins with a terse review of the extension of the method
of characteristics to digbatic flows and then discusses the linearized heat
addition models including a new simplified method for obtaining the linearized
equations. The numerous analyses of combustion via a statiomnary detonation
wave are categorized into four models for planar heat addition and the equations
are developed for the most interesting case of the oblique Chapman-Jouget
detonation. Performance estimates are presented for constant area and constant
pressure heat addition procesées with and without a consideration of the
expansion zone following heat addition, The governing equations for the constant
pressure analysis are developed for heat addition adjacent to both a double
wedge and a flat plate surface.

In the experimental section all of the available results from
external burning tests are discussed beginning with the pioneering tests at NACA
and Texaco, Experiment, Inc., and including tests of two-dimensional and
axisymmetric bodies at the Applied Physics Laboratory and the Boeing Co.
Pertinent conclusions are drawn from each of the tests and a final compilation
and summarization of all the data are given. It is concluded that the maximum
expected pressure coefficient will be near that associated with a separated
boundary layer and that to obtain the theoretical maximum specific impulse,

highly reactive fuels with a combustion length of a few feet will be required.

-Xvii-
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EXTERNAL BURNING IN SUPERSONIC STREAMS
Frederick S. Billig

1. INTRODUCTION

The term "external burning ramjet" (and the abbreviation, ERJ)
refers herein to any system in which a combustible liquid or gas is
injected from a vehicle inte the external flow field of the body and
burns, thereby altering the flow field and producing forces on the body
due to the combined effects of flow interactions and heat addition.
Although subsonic applications of external burning may be feasible, only
supersonic flight velocities are considered. Systems of this type have
been rather extensively studied during the past several years and experi-
ments have been made which have demonstrated the feasibility of the external
burning concept, but in general they have shown only part of the performance
potential of the system. The available unclassified literature in this area
is reviewed and conclusions are drawn regarding the limitations of external
burning systems based principally on the phenomena observed in the tests
reported.

The generation of useful forces on.the external surfaces of an
acrodynamic body requires deflection of the streamlines in the flow field
about the body in such a manner that increased pressures are produced on
chosen surface areas. Consider the external flow fields above the flat
plates sketched in Fig. 1., Undisturbed streamlines are shown in (@), and
the other sketches show the disturbed streamlines pattern caused by an

aerodynamic flap (b), mass addition, (¢), and mass addition plus heat addition

(external burning) (d). The corre-ponding surface pressure profiles also are

o et T A R e S YR 2 e
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shown in Fig. 1 by the correspondingly lettered curves. For case (b), the pres-
sure rise due tc streamline deflection at station 1 must be followed by expan-~
sion to below ambient pressure at 2 and then recompression to about Py at 3. Thus,
to obtain the greatest net positiv: force, the flap should be positioned suffi-
ciently far aft so that station 2 corresponds to the trailing edge of the plate.
Furthermore, there is an attendant drag force penalty on the flap. For sim-
plicity, in cases ¢ and d the heat and/or mass addition is confined to stream-
tube I in 2 zone of finite length 1-2 and is assumed to occur at constant
pressure., The surface pressure is sustained, however, until the first expansion
wave strikes the surface at 3, then the pressure declines to a value near Po at 4,
In effect, the heat addition (and the mass addition to a lesser degree) represents
a volume source in streamtube I which turns adjacent streamtubes (II, III, etc.)
gi+ ng a pressure rise, similar to the case of the flap but with a significantly
lesser expansion effect and no drag penalty. 1In addition to the pressure force
there is a reaction force caused by injection, which has components in the

thrust and/or lateral directions, depending on the angle of injection.

The foregoing crude description of the effects of the heat and mass
addition zones is oversimplified, because they need not be zones of constant
pressure, and the details of boundary layers and possible attendant separated
zones have been omitted. However, from sketch d it is apparent that to obtain
the greatest total normal force from the positive precsure field developed by
the external burning case, it is necessary to extend the surface to the end
of the expansion zone (point 4). On the other hand, a higher force coefficient

[force/ (dynamic pressure x area)] would be obtained if the plate were cut off

A ot i 0 Yove
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at point 3. This point and the effect of initial pressure level are discussed
furtner in a later section.
The possible applications of the external burning principle fall

into three classes: (A) side-force generating devices for attitude control,

! (B) thrust-generating (or drag-reducing) devices, and (C) devices which
produce both thrust and attitude control (or lift). Sketches of possille
configurations are shown in Fig. 2. The attitude controller for an axi-
symmetric vehicle [Fig. 2(A)] has injection aft of the center-of-gravity
in any one of four quadrants. Longitudinal "fences' separate the quadrants
to reduce the dissipation of the positive pressure field through circum-
ferential spillover., Note that thedownward force due to external burning
leads to positive pitch and therefore puts the external burning region in
the leeward zone, which could, at large pitch angles, produce adverse con-
ditions for combustion. However, if the external burning is being used

solely to trim the body, then it is conceivable to design an aerodynami-

R S PO

cally unsteady vehicle, in which case the external burning will always occur

in the windward zone. Attitude control systems based on external burning

ahead of the c.g. are conceivable but appear to be less attractive due

LR T

to the difficulty of confining the positive pressure field to produce

an effective pitching moment. The thrust generating device, Fig. 2(B), could
conceivably be either the total vehicle or a podded or airfoil engine. At
the "knee' fuel is added to the air compressed by oblique shock and/or
isentropic turning on the forebody, and combustion maintains a positive

pressure field on the aft body which is greater than that or the compression




SM3IA LNOUYJ
TYNQISNAWIG-OML

33186511

SNOILVANSIANOD ONINYNG TYN¥3ILX3 ¢ "By

JIULIWNASIXY

i

HEERRT

dITIOULNOD FANLILLY (v

L 7

minm,

LT T
X \‘h \\‘h»

A

7

.

\W\ \\\\\§

.......




The Johns Hopking Universay
APPLIED PHYSICS LABORATORY
Silver Spring, Maryland

surface, thus producing net thrust. Both axisymmetric and two-dimensional
configurations are possible for this case and the combined thrust and 1lift
case, 2(C). The combined device, which has a flat top (hence no positive
pressure on top) but a positive pressure field over its entire lower surface

develops considerable lift, It could be used as a 'propulsive wing" or

"external burning ramjet (ERJ)". Analysis of configurations (B) or (C)
has shown them to have efficient thermodynamic cycles only at very low
thrust levels, i.e.,in cruising flight, as shown later. For accelerating

missions, ducted conventional ramjets or supersonic combustion ramjets

(scramjets) are considerably more efficient,

2. LITERATURE REVIEW OF THEORETICAL ANALYSES
OF EXTERNAL BURNING

Theoretical analyses of the effect of heat addition to external

supersonic flow fields began to appear in the literature abocut fifteen years

ago, and the first (then) classified experimental results followed one to two

years later. Following the very fundamental work in one-dimensional diabatic

1-9

flow, "7 Pinkel and Serafinilo extended the method of characteristics to

P

o P

include the effects of heat addition in an irrotational supersonic flow and

developed a graphical method of solution for shock-free flow with heat addition.

Using this technique it is possible to find an exact solution (with the above

R TR e v e

constraints to the flow field and pressure distribution) for flows having

continuous total temperature variation in the streamwise direction. In

T R E Y

Reference 11 this method was used to determine the pressure distribution and

Rt

aerodynamic coefficients of a symmetrical circular arc/wing (Fig. 3) for flight

Mach numbers (MO) of 3 and 5. For moderate total temperature ratios over
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the heat addition zone (thth1= 1.243 and 1.126), the heat release beneath
the middle portion of the airfoil produces a significant pressure rise,
markedly increasing the lift and slightiy decreasing net drag (5-197) sc that
the lift/drag ratio (L/D) and quarter-chord moment coefficient are increased
by factors of 1.7 to 2.2, and 2.5 to 4.2, respectively, compared to no~heat-
addition values,

One of two motivations has inspired succeeding authors to find other
methods of analyzing external burning:

1) Greater simplicity.~-The method of Ref. 10 is tedious and
does not lend itself to simple evaluation of the important variabies which
affect performance. The approaches used to simplify the problem involve either
linearization of the equations of motion or postulation of a one-dimensional
heat addition process (e.8., constant area or constant pressure).

2) Greater realism.=--As experimental data from external burning
tests have accumulated it has become possible to postulate new analytical
models which include effects that have been observed and lead to closer
correlation of theory with experiment.

2.1 Linearized Solutions

An approximate formula for a linearized solution for the pressure field
generated by a moderate rate of heat release was developed from first principles
by Chu.12 Gazley13 arrived at the identical result by employing a "piston'
concept to translate the effect of heat addition into an effective deflectdor
of the flow. The result given by these authors can also be obtained by

considering the streamline deflection caused by heat addition in the simple
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model shown in Fig. 4(4). Heat is added to streamtube I in the region

froon 1 to 2, increasing the streantube height from Y, fo Y, 2ad causing

1
a deflection, 63’ to 2djacent streanlines. If g is the rate of hear addi-
tion per unit area and Q is the heat additicn per pcuad of air, thenm from

continuity and the equation of state

puy =

RN R G e s L Tl 2t L m

and from the geometry,

[Y. /cos (6,/2)) - ¥
2 H L tans (2)

X. H
f

From linear theory (small deflections)

_~ 0 7 ~ & z A 3
u, 2u, cos (oH/_) =~ 1, ard tan 6, =5, 3)

Therefore

C (Y2 - Yl)/xf A 6H %)

From conservation of energy,

T = -
T, =T, + QgJ/ c (3)

From conservation of momertum, P, = P;> since u, asul; Eq. (1) becomes
YI/TI = YZIT2 (6)

therefore, substituting (%) and (6) into (4),

f.l(ﬂggg)_ ¢
5 - T1 1 Cp 1 ) Qgs Y1 )
H cp Tle CPTle
but
. _ ,
q = QgJ Y1 p1 ulle (8)

-
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SO
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resulting in the same expression for the turning angle, bH, as a function

of the ratio of heat addition per unit area as was developed in Refs. 12

and 13. Pressure coefficients for various heat additions can then be obtained
by using the familiar linearized supersonic flow result,

Y
c =28/M2 - 1) (10)
P 0

Since linear solutions may be superimposed, a general equation for the
pressure coefficient of a body with heat addition deflection bH and surface

inclination 68’ can be cbtained, viz:

¢, =2 (g + 6H)./(M02 -t (11)

Using this approach Gazley showed that the lift and drag coefficients for
a flat plate airfoil at angle-of-attack, &, with heat addition over a fraction,

f = Xf/C, of the plate (Fig. 4B) are:

1
h@+dact st>/(MO2 - 1% (12)

]

€L

and

=4 @ +haf GH)/(MOZ -t (13)

D

For a biconvex airfoil of thickness-chord ratio of T/C the same expression

Eq. (11) holds for CL and

) G M Sk

-11-
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He then shows (Fig. 5) for the 5-percent-thick biconvex airfoil that
the linear and exact solutions of Pinkel,11 et al agree well at low heat
addition rates and start to deviate at higher heating rates where both
methods become inaccurate. The calculations show that for small negative
angles-of-attack and heating deflections of greater than 5 or 6 degrees,
net thrust can be produced. Moreover, by defining a specific impulse based
on (drag cold - drag hot)/(fuel flow rate) for a given lift force, where the
angle~of-attack for the hot flow,

@ = - 3£ 8o (15)
is smaller than the cold value, specific impulses of 300 to 1800 sec are
computed for a fuel with a heating value of 20,000 Btu/1lb.

Magerl4 arrived at essentially the same results as Gazley and showed

good agreement with the more exact solution of Ref. 10 for the circular arc-
airfoil. He started with the general definition of the pressure, velocity

and density disturbances caused by a heat source in supersonic flow as sug-

B

; gested by Tsien15 and used a slightly different method of linearization, In
addition, he developed a set of performance indices to compare external
burning (ERJ) configurations with a winged vehicle using conventional ducted

subsonic combustion ramjecs (CRJ). He concluded that the energy requirements

3 during cruise were comparable for the two engine systems. He included the

Lraacity

estimated skin friction drag and concluded that it is more profitable to

take advantage of the additional force generated by heat addition by decreasing

LR SR LT e &
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wing area (and friction drag) and operating at the same angle-of-attack rather
than maintaining the same wing area and reducing & (and wave drag).

2.2 Planar Heat Addition

Another simplified method of approach to the theoretical solution
of the external heat addition problem is to postulate r~lanar heat addition
at some angle to the air flow, i.e., from a physical standpoint, an infinitely
fast heat release., The theoretical mcdels which have been postulated include
both normal and oblique planar heat additiowns, with or without accompanying
shock waves, as shown in Fig. 6. Figure 6(A) shows a simple, normal, planar
heater, which in ef{fect is a one-dimensional, constant-area heat addition.
All of the changes in properties across the heater can be obtained from the
well-known one-dimensiomnal equations.16 For incoming supersonic flow

(M0 > 1) of streamtube I there is a pressure rise due to head additiom and

a corresponding dcwastream Mach number, MZ'Z 1. Adjacent streamtubes
(II, III, etc.) must compensate for this pressure rise by turning through
an oblique shock wave. The incompatability in flow direction and pressure
downstream is then resolved by a series of expansion waves downstream.
In Fig. 6(B) the normal heater is preceded by a normal shock wave, so that

the flow upstream of the heater (1) is subsonic. Subsonic constant-area

combustion must then be postulated, with M2 < 1. This process is gererally

(3 Dbt ki Mt i

referred to as a strong detonation, and its limiting case for M? = 1, when the

LEi T

4 ry

distance between the shock wave and the heating wave becomes vanishingly small,

e

is called a Chapman Jouguet detonation. Although solutions of the equations
of motion permit both the reverse order of the processes and supersonic Mach

numbers at 2, the very unrealistic kinetic situation of combustion occurring

-14-
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_? at lower rather than higher pressure and temperature forbids the former,

; and entropy considerations rule out the latter. Again, pressure compensa-
3; tion in the external stream can be accomplished by z1 oblique wave, because
3 althcough the pressure at ! is the normal-shock value, the pressure at 2

§ is lower (subsonic, constant-area heat addition), so that a shock wezker

5

é than a normal shock will balance the pressure. Rather than considering

? : the difficult expansion case of M2 < 1.0, most authors have chosen to study
:; the Chapman Jouguet case of M2 = 1.0, which for the model shown, will only
} occur at a specified temperature ratio, TZ/TI’ for each free stream condition.

To avoid this limitation, a subsonic compression (streamtube enlargement)

of the flow is postulated in region 1' in such a manner that the condition

SR 4

of M2 = 1.0 is always met.

Figure 6(C) shows an oblique heater of normal height Yl' This is

analytically handled by applying the one-dimensional, constant-area heat

addition equations to the normal component of the upstream velocity. Note,

e e

g AR
B e e o 2T 2y 2 U e T =

[%%

however, that the downstream velocity vector, u,» must be directed away from

e

o

the surface, which means that some type of separated zone would have to exist

b et

downstream of the heat addition plane and would have to extend to a height,

TENRTIONN oe %

h2:
h2 =1 - (plul/pzuz) cos bs (16)
h, sin (b, - 6.y ,
g and the tangent of the separation angle is tan 6 _ = 2 H S (17)
E: S Yy - h2

Downstream of X2 the flow would have to expand and turn to adjust pressure
and flow direction. The flow in streamtube II which does not undergo a rise

in stagnation temperature needs to be turned through a lesser angle (by an

AR L

-16-
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el W e

R

oblique shock) tc reach P, than does the flow in streamtube I, so that a

vortex sheet must exist downstream of Xz. Note that in these simplified

models the heat addition is limited to streamtube I and there is no mixing
with adjacent streamtubes. Therefore, even though the pressure is matched
along the boundary between I and II, the entropy is greater in I, and a
vortex sheet must divide these two regions of the flow.

The last case, shown in Fig. 6(D) and detailed in Fig. 7, is the
strong oblique detonation, i.e., the oblique planar heat addition is pre-

ceded by an oblique shock wave, and the component of velocity u N’ normal

2

to the heater plane angle, 6H’ is subsonic. Again, the special case of

MZN = 1.0 would be called an oblique Chapman Jouquet detonation. Presumably

all combinations of oblique shock angles, 6, and heater angles, 6, are

H
possible as long as; a) the flow behind the obligue shock is supersouic,
b) 8 is below the shock detachment angle for the local Mach number, and
¢) the required heat release is not excessive. However, as noted by
Willmarth,17 for each 0 there is one value of 6H which results in a velocity
vector u, after heat addition which is aligned to the surface. The model
based on this particular situation has the virtue of not requiring a separated
zone as in Fig. 6(C). The vector diagram shown in Fig. 7 for this special
case shows that for a given € and 6H the tangential components of velocity
are related

Ugp = Yy T Yo €08 6 (18)

! = =
u'rp = Uyp = u, cos 6H (19)

-17~
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From the oblique shock relationships16

(v - D M02 sin? @ + 2
u,, = u (20)
v 0 (Y+1)M025in9
i 2 .2 i
) 2y MO sin” 8 =(y - 1) 21)
P17 Po Y+ 1
—- . '
[zymzsinze-(y~1)Jf(Y'~1)M2s~:.n29+:J
_ 0 0 (22)
1= T 2.2 .2
L. (y + 1) M, sin” ©
From the geometry
. + - .
. uIN sin (61 6H 8) (23)
N sin &
1
and
L]
. e uirn tan BH (26)
2N  tan (61 + 6H -8 )
where
= T 6 .
61 tan uIN/u0 cost (25)
The required amount of heat is found by using the conservation equations
for one-dimensional comstant area heat additionl6
u 2 u 2 P, U
- 2N _IN_ 2 2N _Jd_ . ' (26)
gJ Q 2 > +cp’l‘1‘p = l) q/plum
1 IN
where
u ! - in 8 sin (6, + 686 =~ 8
Py Ao Can m Uy st B ein O 7 By - B) (27}
pl plsinbl
-19~
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Using the example chosen in Ref. 17 of Mo = 2,0 at 30,000 ft altitude but

extending the planar heat addition amalysis to large heater angles gives

the results shown in Figs. 8 and 9. 1In Fig. 8, q, the heating rate per unit
area is shown as a function of the surface pressure rise, p, - Py» for various
heater angles, 6H. Lines of constant turning, 5 ~ 61, which imply constant

shock angles, 6, are also shown. The curves are bound on the left by the

Chapman Jouguet limit (M2N = 1,0) at low pressure rise and by the maximum

attached-shock strength at higher pressure. On the right, the curves are
bounded by a maximum heating rate, because the temperature rise across the
heater becomes infinite as 6H - (5 - 01). For a given pressure rise the
oblique detonation processes requi.e more heat release than that predicted
by linear theory because of the inclusion of the turning losses. In Fig. 9

this effect is shown in curves of pressure rise per unit energy release. or

"lifting efficiency" for various turning angles. As the heater and turnin
8 y b4 g g

angles approach zero, the linear theory value of Ap/q obtained by combining

gy s

Eq.s (9) and (10),

. e =

2
' (v - LM, (28)
q

2 _ )%
(My" - 1)

or 4.65 x 10-4 sec/ft in the example, is approached.

Woolard 8,19 studied the same case of strong oblique detouations and lists
tables of properties for a range of conditions in Ref. 18. Similar tables have
been generated by Chinitz, et a1.20 In Ref. 19, Woolard develops a set of equa-

tions similar to Eqs. (18-27) for conical rather than two-dimensional flows.

Parametric curves are presented for Chapman Jouguet detonative flows about cones.

e

-20-
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Refinements to the oblique planar heater mod<l of Wilmarth can be made. One
of these is to consider multiple oblique heater planes having a common origin
rather than a single planar heater. For exampie, in the case of two oblique
heater planes, the analysis for the first heater plane is the same as before
except that the flow velocity vector behind this heater is directed away from
the plate. Turning through the second heater, which can be described by Egs.
(18-27), changing subscripts, then aligns the flow with the plate. Typical
caiculations made at MO = 6.0 and Z = 20,000 ft showed that for a given heater
flux the two heater plane case predicts a 3-3.5 per cent lower pressure rise
than the single heater. In effect, in the limit, an infinite number of weak
centered planar heaters becomes a wedge-shaped continuous heat addition pro-
cess, From a physical point of view, this implies the rather untenable sit-
uvation of a reaction requiring a rate of temperature rise in the streamwise
direction that is proportional to the distance from the surface.

A second extension is to consider the expansion region downstream of

the constant pressure zone for a finite heater height (Y2, Fig.7 ). The

pressure decays in the region behind the first Mach line emanating from the
terminal point of the planar heater, thus, the surface pressure drops when
the Mach line reaches the surface. This decaying (but still positive) pres-
3 sure field which occurs without an additional expenditure of energy therefore
results in a higher specific impulse than that shown by Wilmarth. Several

3 methods of calculation of this decaying pressure field have been suggested

by other authors and are described in the subsequent discussion.

-

-23-
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Luidens and Flaherty applied the normal weak detonation21 model of
Fig. 6(A) to the ERJ model of Fig. 10(p). Calculations were made for
various combinations of wedge angles € and €, at different angles-of-attack

in order to determine the optimum wing geometry and angle-of-attack. The

ERJ performance was based on a specific lift parameter L/h &f, where h is
the heating value of the fuel, which can be related to range through the
conventional Breguet range equation for the case when thrust equals drag

and lift equals weight:

R = 0 (29)

,.2
u
S

Most of the calculations were made using the linearized theory and showed

3
-

that "... a wing designed for maximum L/h w_ will have the following character-

f

istics: a moderate thickness ratio, a flat top surface, and the maximum-

thickness point of the wing well downstream (i.e., €2 > el). It should be
. . o
operated at maximum angle-of-attack (i.e., 1 to 3%)......" More rigorous
¢ 'culations, using the method of characteristics for the downstream expansion

[7ig. 6(A) ] were made and showed efficiencies of about half those estimated

by linear theory. A few calculations were made to show that performance could
3 be improved by distributing heat sources in Region II of Fig., 10(A). Finally,

they compared ERJ's with conventional ramjet (CRJ) cruise vehicles with wings

ot i ek

and obtained Fig. 10(B). Curves A and B are for CRJ's, A being quite optimistic

and B more conservative. Curve C represents optimistic perxformance of an ERJ
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i with a distributed heat source, and curve D is for an ERJ with a single

planar flame. They conclude that at Mach numbers greater than 8, the ERJ
has greater cruise efficiency than the (subsonic combustion) CRJ vehicle.
Lomax22 also considered distributed heat sources throughout region II of
Fig. 10(A) and found sizeable gains (> 200%) above linear theory, however,
it is indeed difficult to imagine how such a fuel distribution could be
obtained in practice.

Smith and Davis at Experiment Inc.were the first to consider the normal
strong detonation case of Fig.6(@®). They had reasoned that the stabilization of
, a supersonic flame would be difficult and, therefore, postulated a subsonic
heat addition preceded by a normal shock. The particular case of M2 = 1,0
was chosen for study and the pressure distribution behind the planar heater
was found by balancing the pressure in streamtube I with that in external
streamtubes by taking successive oblique turns. In region 1, between the

shock and the heater, the pressure coefficient was based on the linear

theory value [Eq. (10)] which now introduces a geometric factor, the ratio

of flame height to shock-flame separation distance, Y2/XS ~ 6. For stoichio-
metric burning of hydrogen adjacent to a flat plate they obtained side

force specific impulses of 2140, 3560 and 4860 secs at Mach numbers of 2, 3

and 4, For lean limit operation, (no separation between shock and heater)

AL 2

the corresponding impulses were 7200, 8800 and 9600 sec. They also applied

Khre

the planar flame concept to a double wedge (equal fore and aft wedge angles)

model similar to Fig. 2(B) and obtained a specific impulse defined as (thrust

with burning) - (cold flow drag) + (fuel flow rate)., . Table I, their M

is the local Mach number on the aft wedge ahead of the normal shock. This

-26-
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author calculated the corresponding flight Mach numbers, MO’ shown in
Table I, based on a leading-edge oblique shock and Prandtl-Meyer turning

at the "knee'".

Monchick and Dugger 23 considered the case of strong
detonation on the aft surface of the two-dimensional airfoil shown in
Fig. 11, which in effect is the Smith and Davis model split on the
centerline. For the particular case of wedge angles (@) of 10o and stoictio-
metric hydrogen combustion with sonic burned gas, the fiame height to surface

length ratio, h/£, was found for the condition of zero 'net thrust.

TABLE I

Smith and Davis Results for Specific Impulse on Double-Wedge Model

HaYzfiigle M Mo If _ {(Thrust g:t-Drag Cold) , sec
Lean Limit Stoichiometric

5° 2.0 1.87 630 185
3.0 2.76 770 310

4.0 3.65 840 425

10° 2.0 1.67 1250 370
3.0 2.56 1530 620

4.0 3.38 1670 850

Figure 11(B) shows that h/£ would exceed 0.75 even for flight Mach numbers

in the range of 3 to 5. This result was rather discouraging from a practical
design standpoint, and an endeavor was made to make a more refined analysis
of the expansion process to see if the result was due only to the simplifying

assumptions. Since the expansion process in region 5 begins at the hot-cold
-27-
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interface (see Fig. 5) the wedge surface pressure decay in the actual

Sa—nly

expansion process would first lag and then lead the interface pressure
decay used in the first study. Thus, the integrated net force on the
aft wedge could result in a larger thrust ir the actual expansion case.
For the same o = 10° model, a method-~of~characteristics solution for

MO =5, with M, = M& (i.e., no subsonic compression and below stoichio-

3
metric fuel-air ratios) and M5 = 1.0 gave the surface pressure decays
shown in Fig. 11(C) (solid curve). Integration of the pressure force
showed that the mirnimum h/£ for the characteristics solution was 0.42
compared to 1.4 for the ''channel flow'" solution. From Fig. 11(B),

. (h/!,)min is 0.75 at Mn = 5, thus the M, = M, case requires a larger

3 4

flame height than the stoichiometric (ER = 1.0) case. Presumably, if

the characteristics solution were applied to the stoichiometric case,

lower, and therefore more physically realizable, flame heights would occur.

. A further refinement in the planar flame model was suggested by

- Woolard % to handle the subsonic compression region between the normal shock
and the planar heater. Instead of assuming the linearized flow solution

( ’ in region 1 of Fig. 12, an approximate but more realistic description of

the flow was made. The shape of the detached shock wave from A to B was

——

assumed to be a hyperbola becoming assympotic to the free stream Mach line
C-D at point B. The shape of the hyperbola, attachment distance and the

- average pressure coefficient for region 1 were based oR the method of Moeckel.25

As before, tne second shock wave emanating from the top of the heater balances

the pressure between the burned and unheated stream tubes. The flow in

a ey
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streamtube II is analogous to the spillover flow in a ramjet inlet

operating supercritically. As the mass flow in this streamtube approaches
zero, XS goes to zero and the flow situation is again that of Fig. 6(B)
(critical). Woolard also developed an approximate method for obtaining

the pressure decay downstream of the heater based on an exponential

pressure decay beyond the last simply reflected Prandtl-Meyer characteristic.
Charts for determining all of the pertinent flow field parameters and the

normal force coefficients as a function of the rate of heat addition are

presented for free-stream Mach numbers ranging from 2,0 to 7.0 in Ref. 24.

T

The principal difference in this model from that of the linear theory is
the elongation of Xs, hence a greater side force.

Dugger, et a12,3 at APL reexamined the same general model shown in Fig.
11 using WOolard's24 results for the forces due to the shock-flame system.

The model and a typical pressure profile are shown in Fig, 13, Air is

N | Shstnuin/ Rai SRRl NUOKibu |

compressed by the bow shock and expanded by Prandtl-Meyer turning around

the knee before approaching the normal shock. The length X2 required for

Rl e ol Ry

the bounding streamline tc complete the turn is equal to Yy cot Bz, where
Yy is the height of the streamtube which will be compressed by the normal
shock and captured by the normal plane flame of height Yy If heat addition
is "supercritical", the normal shock is detached from the flame (Woclard's

model), and the flow will expand between the shock and the flame, so that

Ny e " ot

the flame height Y, is greater than Yy In the special case of critical

(Chapman~Jouguet, "lean limit") heat addition, the distance X, vanishes

and Yy = Yy

) soun Aagnapl s 4
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Results for flame height to body thickness y4/1 and range parameter
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£ are shown in Fig. 14. The triangular points are based on the zodel of

Fig. 13 using Woolard’s approxiczte solution ir the expansicn region. The

solid triangles show rhat supercritical heat additioa was required for

o o .
- = A > = c £ > i - 6 = . » -
5, =8, > 6 at 4y 5 and for ¥y 2 8 with 61 2 5 These curves show

that at z flight Mach nucber of 5, the requirsd fiace height increases and
the range capability of the vehicle decreases as wedge argles are increased.

The range falls drastically for wedge zngles greater than 6°. For engines

with§1='62 = 50, flame height decreases and range increases as flight
Mach number is increased to 5 or 6, but reverse trends are in evidence by
Mach 8.

The circular points in this figure are from the analysis of Fig. 1l.
Both methods predict about the same flame height for zero net thrust but the

latter study predicts lower cruise range efficiency at higher Mach numbers.

This is due to the fact as Mo increases, Bz decreases and the flame is

i

shifted aft towaré the trailing edge and part of the preszure field due to

combustion is lost in the wake. Likewise, as the wedge angles increase the

™Y

model becomes stubbier resulting in the same effect. Clearly this would

&

be a poor method of adding heat at high Mach number; however, the problem

| o

-

could be relieved simply by making 62 < 51 within practical limits, thus

Yy

shifting the flame forward. Also shown as dashed lines on the figure are

i &

results from the constant-pressure combustion analysis from the same

1 reference, which is discussed next.
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2.3 Constant-Pressure Heat Addition

Although the planar flame models lead to significant simplification
in the analysis of external burning and give what appears to be reasonable
estimates of the integrated pressure forces, they do not, in general, predict
the experimental pressure distributions obtaii d in most tests. This is
especially true for the strong detonation models because the stationary
normal shock produced by heat addition alone has as yet to be demonstrated
experimentally.* Moreover, as MO increases, the losses across a normal
shock become excessive and contribute to a decrement in performance. For

these reasons, and because cousiderable data had shown continuous heat

release at near constant pressure, the following analysis was generated.

Figure 15 chows the general representation of the analytical treat-
ment for continuouz constant-pressure heat release. In Fig. 15(A) the heat
addition is large enough to support an oblique shock (called the flame shock)
and in Fig., 15(B) the heat addition is only of sufficient strength to reduce

the Prandtl-Meyer expansion in the flow around the knee. The particular case

b

26
The stabilized detonation experiments conducted by Nicolls  used an
under-expanded supersonic nozzle with premixed fuel to produce the normal

27 28
shock and Gross  and Rhodes and Chriss  generated a Mach-reflected shock

using wedges in the side of a two-dimensional supersonic tunnel.

. -35-
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of neither shock nor expansion corresponds to a constant pressure field
on the entire underneath surface of the model,.

The analysis is based on the follcwing assumptions:

(1) The air flowing around the model outside the heated zone has
properties defined in Refs. 29 and 30; the flow is two-dimensional and
inviscid. The analysis is handled by scations in the flow so that analysis
is actually one-dimensional.

(2) No heat or mass is transferred across the interface between
the heated zone and the adjacent air fiow.

(3) A given streamtube of air adjacent to the model and within
the bow shock at the model knee receives all the fuel. The fuel is injected
just behind the flame shock in the large heat addition case or just behind
the rear-running Mach line for the Prandtl-Meyer turn case at condition
Uys T2, P, (with Mach angle 82). In either case, the static pressure and
velocity component uf2 in the emergent fuel jet are matched to the air

static pressure P, and airxr velocity u Hence, per the one-dimensional

9

treatment the Zollowing relations apply:

P, =P, (30)
Mass: &4 = &2 + &f (31)
where &2 = &a = gpzuzAz/R?_T2 (32)
Momentum: &4u4 = &zuz + qufz = (&2 + &f) u, (33)
Hence u, = u, (34)
and W, =81 54 /RT, T et 8PyU,A, /R, T, (35)

It is assumed that for this analysis the maximum amount of air which can

be used in the combustion is represented by the full amount captured by

..37..
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by tke bow shock at the model knee. This will be referred to as the

Ybow-shock limit'", for which

= = - = X b
Y1 = Yigax - ¥1 tan (91 61) (wf/d,/f JEN (36)
é where d is the width of the two-dimensional engine, and 91 is the bow shock
i angle, and x = T/sin 61.

i (4) The side boundaries of the heated zone are the model and the

hot-cold interface. The exit area A4 (represented by ya) is in a plane

i which forms equal angles 0 with the model surface and the interface. The
upstream boundary of the heated zone is either the flame shock or the last

Mach wave in the Prandtl-Meyer expansion. The effective cross sectional

area normal to the velocity vector u,_, at the start of the heat addition is

2

<

found for either case by extrapolating the interface plane back to the model
knee and is represented by Yyr In either case, constant pressure heat
release ic¢ :sumed to supply the expansion (by tempeiature increase) to
bring the flow to the area represented by Yy The relationship between Y,

d is:
and y, is

= @ + i 2
Y, yz/co o+2x,sino (37)

(5) Heat realease is completed at station 4 with 100% combustion

efficiency. Properties of combustion products of kerosene-air and hydrogen-

&ir systems are taken from Refs. 31 and 32 respectively.

|

With the above assumptions (since velocity is constant) the energy

equation may be based simply on static enthalpies:

TTRES

£, 5, " v, = Wby (38)

-38-
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Equations (32), (35), (37) and (38) can be combined to give the fuel flow

rate per unit engine width:

2g P, U X f h4 sin ©

. _ 272 (39)
w./d = -
f ‘ko Tahff . hsz i h4T2 ]
HE ma (cos 0) sz

Solution procedure is as follows. Conditions at station 2 are
determined for various 63'3 from two-dimensional oblique shock equations.
Ther for selected values of f, Eq. (38) is used to determine h4 at Py = Pye
Other properties at station 4 can now be found from combustion tables. For
each combination of f and 63 &f is calculated from Eq. 39. Equation (36) is
then tested for Yy < ylmax and limits on 63 are established.

Lift and thrust forces per unit width are:

L/d = PyX; ©Os (61 + ) + PyX, C€OS (62 - o) - ptop C cos O 40)

F/d = - p;x; sin (61 + o) + P,X, sin (62 - @) + Peop © Sin @ 41

For the special case @ = 0 gpd 61 = 62, these equations are simply:

T O
L/d = 5| Pyl ©
F/d = (P, - T

List and thrust coefficients are defined:

I

C, = LATqO = L/A, 4 (42)

Cp = F/dTq, = F/AL q, (43)
It is assumed that to a first approximation the friction drag is the same

with or without burning, so that

-39
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s
3
CD = (friction drag without combustion)/Af 44 (44)
£
: and the coefficient of net thrust is
cC.=C_-¢C (45)
T F Df .
A cruise range parameter (in nautical miles units) is defined:
i R=1L u0/6076 &f [1 - (uO/us)2 ] (46)
i
{

Results of calculations from the above theory are given in Fig. 16
for kerosene (CnHZn) fuel, and the effects of substituting hydrogen fuel
are shorn in Fig. 17. All curves presented are for zero angle-of-attack
(@ = 0), because preliminary calculations showed that the optimum @ would
always be zero for zero gross thrust (CF = 0) and would always be near zero

(oo <a< 30) for small net thrusts (CT < 0.1). Figures 16(A) and (B)

illustrate effects of engine wedge angles at zero gross thrust and effects

of required thrust level for a given configuration, respectively, for

stoichiometric combustion of kerosene (ER = 1). Figures 16(C) and (D) then

illustrate equivalence ratio effects, which in turn determine the optimum 62

for given thrust requirement and flight conditions, as shown in Fig. 16(E),

The Breguet cruise range would be found by multiplying R by the natural

logarithm of (gross weight/burnout weight)., This logarithmic term is unity

when the fuel load is 63.2% of gross weight, in which case R becomes the
range in nautical miles. The &f must provide thrust equal to vehicle drag,
and L must equal vehicle weight. The [1 - (uo/us)é }factor corrects for

centrifugal lift,

s
A
3
~
-
¢
3
4
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